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The combustion of coa l  i s  prac t iced  widely throughout the  world. In the  
United S ta t e s  in 1982, f o r  example, almost 600 mi l l i on  tons of coa l  were burned f o r  
e l e c t r i c i t y  production (1). Nevertheless,  many fundamental aspec ts  of coal 
combustion a r e  not w e l l  understood. It has been e s t ab l i shed ,  however., t ha t  a t  
l e a s t  two genera l  processes occur during combustion: 
of the coa l  due t o  an  app l i ed  thermal s t r e s s  and heterogeneous combustion of t he  
remaining char according t o  carbon-oxygen reac t ions .  The r e l a t i v e  importance of 
each process t o  the  o v e r a l l  combustion of a p a r t i c u l a r  coa l  i s  not easy  t o  measure 
experimentally and i s  even more d i f f i c u l t  t o  pred ic t  a p r i o r i .  

pyro lys i s  or devo la t i l i za t ion  

In t he  sequence of events  t h a t  is coal  combustion, heterogeneous char 
combustion, which is usua l ly  r e fe r r ed  to  a s  char burnout,  necessa r i ly  occurs l a s t .  
This has lead  to  the  deduct ion  t h a t  t he  char burnout i s  the  r a t e  determining s t e p  
in the ove ra l l  process. This argument then provides t h a t  t o  burn coa l  more 
e f f ec t ive ly  and e f f i c i e n t l y ,  i t  is  necessary t o  understand the  mechanism, and 
thereby be ab le  t o  a f f e c t  the  r a t e  of the char-oxygen reac t ion .  

While it i s  t r u e  t h a t  t h e  r a t e  of r e l ease  and combustion of t h e  v o l a t i l e s  i n  
most p r a c t i c a l  systems a r e  f a s t  compared t o  the r a t e  of the C-O2 r eac t ions ,  the  
y i e ld  of v o l a t i l e s ,  which determines the  amount of char  which must be burned 
heterogeneously, is equa l ly  important i n  determining the  char burnout time. Hence, 
an a l t e r n a t i v e  t o  inc reas ing  t h e  r a t e  of t he  C-0 
required ex ten t  of t he  C-0 r eac t ion  by reducing the y i e ld  of char. Both aspec ts  
of the combustion of a range of coa ls  have been addressed i n  the  cu r ren t  p ro jec t ,  
but coverage in t h i s  paper is r e s t r i c t e d  t o  the p rope r t i e s  of l i g n i t e s  which a f f ec t  
t he  y ie ld  of v o l a t i l e s  and the  char r e a c t i v i t y ,  both of which may a f f e c t  the  
ove ra l l  combustion r a t e  of l i g n i t e s .  

r eac t ion  is t o  decrease the  2 

The heterogeneous r eac t ion  r a t e  of a coa l  char wi th  a r eac t an t  gas is 
influenced by such parameters a s  the inherent  char  r e a c t i v i t y ,  which is r e l a t ed  t o  
the  number of carbon a c t i v e  s i t e s ,  t he  r a t e  of t r anspor t  of t he  r eac t an t  gas t o  the 
ac t ive  sur face  a rea  and the presence of p o t e n t i a l l y  c a t a l y t i c  inorganic  species.  
Jenkins e t  a l .  (2,3) have shown t h a t  the a i r  r e a c t i v i t y  of coa l  chars is dependent 
upon the pyro lys i s  cond i t ions  under which the  chars  were prepared. As the seve r i ty  
of the pyro lys i s  condi t ions  was increased, the  number of carbon ac t ive  s i t e s  in the 
char was found t o  decrease ,  hence, t he  r e a c t i v i t y  decreased. In add i t ion ,  coa l  
char r e a c t i v i t y  was shown t o  be rank dependent; chars  produced from l i g n i t e s  being 
more r eac t ive  than those  from higher rank coals.  

The h igh  r e a c t i v i t y  of l i g n i t e  chars  has been a t t r i b u t e d ,  in p a r t ,  to t he  
Presence of ion  exchangeable ca t ion  on the  o r i g i n a l  coals.  These a r e  predominantly 
a l k a l i  and a lka l ine  e a r t h  metals ( 4 ) .  some of which a r e  exce l len t  c a t a l y s t s  f o r  the 
c-02 reac t ion  ( 5 , 6 ) .  
d i sc re t e  mineral  phases,  has been shown t o  increase  r e a c t i v i t y  (7 ) .  
t he  seve r i ty  of the  py ro lys i s  o r  reac t ion  condi t ions  inc reases ,  t he  metals lo se  
t h e i r  c a t a l y t i c  a c t i v i t y  due pr imar i ly  t o  a l o s s  of d i spe r s ion  v i a  s in t e r ing .  
occurs a s  t h e  holding t i m e  a t  temperature or t h e  reac t ion  temperature i t s e l f  

Thei r  presence on low rank coa l  chars,  a s  d i s t i n c t  from 
However, a s  

This 



increases (8). The objec t ive  of the cur ren t  work was t o  determine the  e f f e c t  of 
the presence of ca t ions ,  namely calcium and magnesium, on the  pyro lys i s  of a 
l i g n i t e  under combustion conditions and on the  subsequent r e a c t i v i t y  of p a r t i a l l y  
burned chars.  

Experimental 

The ion exchangeable ca t ions  on a Texas l i g n i t e ,  PSOC 623, were removed by 

De ta i l s  of the  
acid washing i n  0.04 N HC1. 
onto the  ac id  washed samples using 1 M metal ace t a t e  so lu t ions .  
exchange procedure have been out l ined  previously (9 ) .  
prepared samples were measured by atomic absorp t ion  spectrosopy. 

Alkaline e a r t h  meta ls ,  Ca and Mg, were back exchanged 

Cation conten ts  of the 

The raw and modified l i g n i t e  samples were pyrolyzed and p a r t i a l l y  combusted i n  
an entrained-flow reac to r  a t  an i n i t i a l  r eac to r  (gas  and wall)  temperature of 1173 
K. 
elsewhere (10). 

atmosphere a t  various residence times i n  the en t ra ined  flow reac tor  uszng a F isher  
Thermogravimetric Analyzer (Model 260 F). 
isothermally i n  a i r  a t  atmospheric pressure and a temperature of 533 K. 

A desc r ip t ion  of the r eac to r  and its mode of operation have been provided 

Reac t iv i ty  da ta  were generated on chars  produced under e i t h e r  a N or sir 

The r e a c t i v i t i e s  were obtained 

For these  condi t ions  and by using only 2 mg of char spread th in ly  on a P t  pan, 
heat and mass t r a n s f e r  e f f e c t s  should not mask the  reac t ion  r a t e .  Hence, the 
reported r e a c t i v i t i e s  a r e  believed to  be i n t r i n s i c ,  chemically cont ro l led  r a t e s .  
The gas i f i ca t ion  r e a c t i v i t i e s  a r e  taken from the maximum slope of the TGA recorder 
p lo t ,  normalized t o  the  i n i t i a l  weight of dry ash  f r ee  char.  

Results and Discussion 

The u l t imate  ana lys i s  of the  raw l i g n i t e  and the proximate ana lyses  of the raw 
and modified samples a re  shown i n  Table 1. The raw l i g n i t e  contained 1.8 w t X  
ca t ions  on a dry bas is ,  predominantly Ca (1.4%) and Mg (0.26%) with t r a c e  
quan t i t i e s  of Na. K ,  Ba and S r .  The acid washing reduced the ca t ion  conten t  t o  
l e s s  than 0.01 w t Z .  The two cation-loaded samples chosen f o r  comparison i n  the 
present study contained 1.9 w t %  Ca and 1.6 w t %  Mg. respec t ive ly .  

Weight Loss Rate Data 

Weight loss r a t e  d a t a  for pyrolys is  in N 2  and combustion i n  a i r  a t  1173 K a r e  

De ta i l s  of the  model f o r  p red ic t ing  
show i n  Figure 1 f o r  raw and ac id  washed l i g n i t e .  
loaded l i g n i t e  a r e  shown i n  Figure 2. 
residence times have been provded by Tsai and Scaroni (10). In add i t ion ,  an 
ana lys i s  i s  provided which es t imates  p a r t i c l e  and gas temperature excursions from 
the  i n i t i a l  furnace temperature of 1173 K due t o  the superimposit ion of endothermic 
hea ts  of pyro lys i s  and exothermic hea t s  of combustion. The essence of t he  ana lys i s  
is t ha t  the  l i g n i t e  p a r t i c l e s  a r e  being heated t o  the furnace (gas and ws l l )  
temperature for a t  l e a s t  0 . 1  s. Upon ign i t ion ,  p a r t i c l e  temperatures exceed gas 
temperatures for a shor t  period (< 0.1 8 )  by i n  excesa of 200 K. Hence, the  
weight loss r a t e  d a t a  i n  F igures  1 and 2 are f o r  nonisothermal py ro lys i s  and 
combustion f o r  about 0.15 8 .  

The same da ta  f o r  t he  Ca and Mg 

The d a t a  shown i n  Figures 1 and 2 have been discussed previously ( 9 )  and can 
be summarized as follows. 
evolution of v o l a t i l e s  during pyrolysis.  
secondary char forming r eac t ions  pr imar i ly  involving t a r s .  Such r eac t ions  a re  
catalyzed by Ca and Mg (11) .  

The presence of ion  exchangeable ca t ions  suppresses  the  
This i s  a t t r i b u t e d  t o  an increase  i n  

I n  an a i r  atmosphere, however, c a t a l y s i s  of  t h e  C-O2 
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reac t ion  by Ca f o r  a s h o r t  t i m e  increases  the weight l o s s  by the  Ca loaded l i g n i t e  
t o  above that  of the acid-washed sample. No such rap id  r a t e  of weight loss occurs  
f o r  t h e  Mg-loaded c o a l  s i n c e  Mg is not  a good c a t a l y s t  f o r  the C-0 
longer  res idence times, weight l o s s  r a t e s  a re  similar f o r  the r a w ,  acid-washed and 
Ca-loaded samples, and s i g h t l y  l a r g e r  f o r  the Mg loaded sample. This implies  t h a t  
c a t a l y s i s  of t he  C-O2 r e a c t i o n  is no longer  occurring. Loss of c a t a l y t i c  a c t i v i t y  
by C a  a t  high temperature  has been ascr ibed t o  loss of d ispers ion  due t o  s i n t e r i n g  
( 7 ) .  Hence, comparing the behavior of t he  raw and ac id  washed samples, the 
increased weight l o s s  due t o  shor t - l ived  but s i g n i f i c a n t  c a t a l y s i s  of t h e  C-0 
reac t ion  by the  presence of c a t i o n s  on the  raw l i g n i t e  simply compensates fo r  t h e  
reduced y ie ld  of v o l a t i l e s  because of t h e i r  presence. 

TGA Reac t iv i ty  Data 

reac t ion .  A t  2 

2 

Maximum r e a c t i v i t i e s  i n  a i r  a t  533 K of p a r t i a l l y  combusted chars  a r e  shown in 
Figure 3 a s  a func t ion  o f  weight l o s s  in the  en t ra ined  flow reac tor .  For each form 
of t h e  l i g n i t e ,  r e a c t i v i t i e s  decrease with increas ing  weight loss i n  t h e  r e a c t o r  up 
t o  about 85-90%. For h igher  weight l o s s e s ,  r e a c t i v i t i e s  a r e  low and approximately 
constant  a t  < 0.1 m g / m p  h. 
a c t i v e  s i t e s ,  whereas a cons tan t  r e a c t i v i t y  may i n d i c a t e  a constant  a c t i v e  s i t e  
concentrat ion o r  c o n t r o l  of t h e  reac t ion  r a t e  by oxygen d i f fus ion  t o  t h e  a c t i v e  
sur face  a r e a  though a n  a s h  b a r r i e r  formed from the mineral  matter i n  the  coal. 

A decreasing r e a c t i v i t y  i n d i c a t e s  a l o s s  of  carbon 

Maximum char  r e a c t i v i t i e s  a t  50, 75 and 90% weight l o s s  and the t i m e  required 
t o  reach each l e v e l  of  weight l o s s  f o r  the var ious ly  t rea ted  l i g n i t e s  are given i n  
Table  3. Note t h a t  50% weight l o s s  exceeds the l e v e l  reached by pyro lys i s  in N 
For res idence times less than 0.10-0.13 s,  r e a c t i v i t i e s  a t  each l eve l  of weight 
loss decrease in t he  o r d e r  Ca > Raw > Mg > acid-washed. This is i n  pccordance with 
the order  predicted by c a t a l y s i s  of t he  C-O2 reac t ion .  For res idence times g r e a t e r  
than 0.10-0.13 s ,  r e a c t i v i t i e s  a r e  low and approximately the same. This implies  an 
absence of s i g n i f i c a n t  c a t a l y s i s ,  possibly due t o  temperature induced s i n t e r i n g  of 
t he  metals. I g n i t i o n  of  the p a r t i c l e s  with a n  a t tendant  temperature increase  
occurs  within t h i s  t i m e  range. 

2' 

The s i g n i f i c a n c e  i n  r e l a t i n g  TGA r e a c t i v i t y  d a t a  t o  weight l o s s  in t he  
entrained f low reac tor  is seen by comparing t h e  d a t a  in Table 3 f o r  t h e  c a t i o n  
containing samples. A f t e r  a weight loss of SO%, r e a c t i v i t i e s  decrease in the order  
Ca > Raw > Mg while the  a d d i t i o n a l  t i m e  required t o  reach  90% weight l o s s  in the  
entrained flow r e a c t o r  i n c r e a s e s  i n  t h e  order  Ca < Raw < Mg. In t h i s  region of the 
weight l o s s  curve where heteogeneous char  combustion is occurr ing,  c a t a l y s i s  of the 
C-02 rezc t ion  may be important implying t h a t  chemical r e a c t i v i t y  c o n t r o l s  the 
weight loss r a t e .  Although d i f f e r e n t  condi t ions p r e v a i l ,  TGA da ta  may give a 
q u a l i t a t i v e  i n d i c a t i o n  of  behavior i n  t h i s  region. 
the da ta  f o r  the ac id  washed l i g n i t e  in t h i s  manner, however. Work is cont inuing 
t o  explain t h i s  apparent  anamoly. 

I t  is d i f f i c u l t  t o  i n t e r p r e t  

For res idence times g r e a t e r  than 0.13 s i n  t he  en t ra ined  low r e a c t o r ,  which 
correspond t o  weight losses i n  ex e s s  05 85-90%, weight l o s s  r a t e s  are low and 
approximately constant  a t  3.8x10-' g/cm s (expressed per u n i t  e x t e r n a l  sur face  
a rea ) .  
t he  weight loss curve. 
physical  r a t e  c o n t r o l  of  the reac t ion  mechanism (9). The TGA r e a c t i v i t y  d a t a  can 
now be used t o  help determine the reac t ion  Zone. 

There is no apparent  e f f e c t  of the presence of ca t ions  in t h i s  region of 
It h a s  been suggested previously t h a t  t h i s  may i n d i c a t e  

TG9 r e a c f i v i t i e s  a t  533 K f o r  these  chars  were approximately constant  a t  
6 ~ 1 x 1 0  
temperature of 1173 K using the  Zone I1 Activat ion Energy e f  2L.72kcal/mole as 
determined by Young ( 1 2 ) ,  produces a r e a c t i v i t y  of 4 .4~10-  

g/cm S.  Extrapola t ing  these  d a t a  t o  the  entrained-flow r e a c t o r  operat ing 

gmfcm s .  This is 
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3 
2 s imi l a r  t o  the experimentally measured r e a c t i v i t y  of 3.8~10-~ glcm s, and is 

considerably l e s s  than the  value ca lcu la ted  f o r  Zone I11 con t ro l ,  7.7~10-~ g/cm s. 

Arrhenius parameters a r e  cu r ren t ly  being generated i n  the TGA f o r  the C-O2 
reac t ions  appropr ia te . for  the cu r ren t  chars. This will e l imina te  the need t o  use 
Arrhenius parameters generated by others.  However, i f  rho d a t a  of Young a r e  
appropr ia te  f o r  use in t h i s  s i t u a t i o n ,  the impl ica t ion  is t ha t  the  same reac t ion  
zone does not e x i s t  in the  TGA and en t ra ined  flow reac to r ,  the  former being Zone I ,  
and the l a t t e r  Zone 11. 

summory 

TGA r e a c t i v i t y  da t a  of p a r t i a l l y  combusted chars  have been used t o  e luc ida te  
the  char burnout s t age  of pulverized coal combustion. The absence of a s ign i f i can t  
e f f e c t  of ca t ions  on char r e a c t i v i t y  a t  high l e v e l s  of burnoff implies the  absence 
of ca t a lys i s  of the  C-0 reac t ion .  This w a s  ascr ibed  t o  s i n t e r i n g  of the metal 
ca t ions  following ignitzon. The char p a r t i c l e s  then bum out slowly under Zone 11 
cont ro l ,  the chars  having r e l a t i v e l y  low inherent  r e a c t i v i t i e s .  
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Table 3 
TIME TO REACH AND MAXIMUM CHAR REACTIVITIES AT VARIOUS LEVELS OF 

WEIGHT LOSS IN ENTRAINED FLOW REACTOR AT 1173 K 
Weight Loss in  Entrained 

Flow Reactor at 1173 K 
Moximum Chor Reoctivity, mg/mg h (dol) 

(Time to reach weight loss, ms) 

Co-loaded Row Mg-looded Acid-woshed - - -  
50 2.1 0.8 0.6 0.4 

. (80) (65) (90) (50) 

75 1 .2 0.7 0.4 0.3 
(95)  (85) (125) (70) 

90 (0.1 co.1 a . 1  0.1 
(110) (145) (290) (1 40) 



0 0.06 0.12 0.18 0.24 0.30 

Figure 1. WEIGHT LOSS RATE IN AIR AND N2 FOR RAW (0,m) 
Residence Time, s 

AND ACID-WASHED (O,.) LIGNITE If4 ENTRAINED 
FLOW REACTOR AT 1173 K 
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